Obesity is a major cause of morbidity accounting for approximately 300 000 deaths each year and about 7% of the health care budget with an economic impact greater than US$100 billion annually in the United States. Obesity and its sequelae such as cardiovascular disease, diabetes, arthritis or cancer have been on the rise over the last decades. The parallel time trend with an increasing prevalence of asthma has induced a lively debate about a potential link between both conditions. Recent findings A number of prospective studies have shown that weight gain can antedate the development of asthma. Effect modification by sex may occur as some studies have shown effects of body mass index on asthma only among females. However, sex differences are not consistent. Several hypotheses have been proposed to explain the epidemiological associations including alterations in airway mechanics and immune responses, hormonal influences and genetic factors. Summary There is evidence that obesity and overweight are associated with the development of asthma. Yet, the mechanisms underlying this relation are unclear. Weight reduction among asthmatic patients can result in improvements of lung function demonstrating the potential clinical impact of the findings.
Introduction
Over the last two decades the prevalence of obesity has steadily increased in Western countries [1, 2] . It seems likely that changes in dietary habits play a pivotal role in the industrialized world. Addition of dietary supplements such as antioxidants and vitamins, intake of fatty acids and increase in caloric consumption all contribute to a change in the Western diet, thereby increasing the risk of being overweight [3] . It has been known for some time that obesity is related to the development of cardiovascular illnesses, non-insulin-dependent diabetes, rheumatoid arthritis and cancer, for example, of the gastro-intestinal tract [1, 2] . Given the excess mortality, morbidity and the economic burden associated with these prevalent chronic conditions, obesity is a major health issue in affluent countries.
Another facet of Western lifestyle is the high prevalence of asthma and allergic diseases among these populations. In the US, the Centres for Disease Control and Prevention (CDC) self-reported prevalence of asthma rose by 74% from 1980 to 1996, with an estimated 14.6 million subjects reporting current asthma in 1996 [4] . The parallel time trends of obesity and allergic diseases over the last decades suggest a potential association between both conditions. However, the association may be purely coincidental since both are common conditions that may independently increase in prevalence [5] . In a recent US National Heart, Lung, and Blood Institute workshop the impact of asthma and obesity on society was highlighted [6 ] . Moreover, potential links between the occurrence of both diseases were discussed. The aim of this review is to pursue this discussion and to provide an overview of existing data scrutinizing the evidence for a true relation between the conditions taking potential effect modifiers into account.
Definition of obesity
A number of methods have been proposed to ascertain increases in body weight. The most widely used measurement is body mass index (BMI), calculated as weight/ height 2 (kg/m 2 ). Among adult subjects overweight is defined as a BMI of 25-29.9 kg/m 2 , and obesity as BMI of at least 30 kg/m 2 . Using the latter definition the prevalence of obesity was estimated at 14% in the early 1970s in the US [7] . Different ethnicities, such as Caucasians and Chinese, have highly contrasting distributions of body weight and height. Males and females differ in their BMI distribution. Finally, age is an obvious modifier of body weight and height. Therefore, age and sex specific definitions for different ethnic groups have to be applied when comparing effects in various study populations. Growth charts from the CDC include age and sex-specific BMI reference values for children and adolescents aged 2-20 years [8, 9] . Alternatively, overweight and obesity can be defined as a BMI greater or equal to the age and sex specific 90th and 97th percentiles of the population distribution.
However, BMI does not account for body frame and proportion of muscle mass. This limitation is particularly relevant in paediatric studies because of the effects of maturation and growth on lean muscle mass, fat mass and hydration status [10] . In addition, muscle mass increases with higher activity level. Fat mass values are higher among females than males and vary across ethnic groups [11] . Therefore other measures of body weight have been applied, such as the assessment of body fat by skin-fold thickness. Although single skin-fold measurements have only limited precision, reproducibility is improved by using multisite measurements integrated into validated prediction equations [12, 13] . In combination, BMI and skin-fold thickness may reflect a proper measurement to assess body weight in combination with fat distribution. However, large comparative studies are missing to date.
Association between obesity and asthma
Conflicting results of various studies investigating the potential association between obesity and asthma (Tables 1 and 2 ) [14] [15] [16] may be attributable to different study designs: cross-sectional [14] [15] [16] [17] [18] [19] [20] [21] [22] or longitudinal [23 ,24 ,25 ,26-28] or effect modifiers.
Cross-sectional surveys
In most studies, the definition of asthma was based on a doctor diagnosis of asthma, partly including airway hyperresponsiveness (AHR), but in some studies only symptoms such as wheeze or 'asthma attacks' were assessed. Such a definition may result in bias, since obese patients tend to attribute their symptoms to lung illnesses rather than to body weight [29] .
A number of adult studies have found an association between obesity and the prevalence of asthma in women, but not in men [30] [31] [32] [33] . However, findings are not consistent, and associations between obesity and AHR were even stronger in males than in females [34, 35] . AHR may reflect airway inflammation but not asthma itself, since AHR is a feature rather loosely associated with a doctor's diagnosis of asthma in population-based studies. Effect modification by sex, however, may also be based on differences in the shape of the relationship. This notion is supported by a survey demonstrating that the association between BMI and asthma differed only in the lowest weight category. Among women a monotonic association was seen, whereas in men a U-shaped relation was found, but both extremes of weight were associated with a higher prevalence of asthma [36] .
Cross-sectional studies may be prone to bias because they do not allow an assessment of the timing of the exposure in relation to the occurrence of asthma. Thus, the relationship between BMI and asthma may reflect an asthmatic patient's predisposition to gain weight because of reduced exercise tolerance rather than a causal association between a high BMI and the inception of asthma. Therefore results from prospective studies may help to better interpret the findings.
Longitudinal surveys
Nearly all prospective studies demonstrate a positive association between BMI and the development of asthma and AHR, respectively (Tables 1 and 2 ) [23 ,24 ,25 ,33,35,37-39,40 ,41-43] . In these studies weight gain occurred before the new onset of asthma or asthma symptoms suggesting a true relation between both conditions. In some studies stratification by sex either by study design [33, 38] or in the analyses revealed sex-specific effects. Again, effect modification by sex may be based on differences in the shape of the relationship. Interestingly, Camargo and colleagues [33] reported a significant association between overweight development and new-onset asthma in the US Nurses Health Study, whereas Litonjua and co-authors [38] detected a U-shaped relation with AHR at high and low BMI in the Normative Aging Study including only males.
Association between obesity and atopy
An overview of the various findings is given in Table 3 . In most studies atopy is defined by objective parameters such as skin test reactivity in addition to self-reported allergic symptoms, including asthma symptoms. Therefore, an effect of BMI/obesity on atopy independent of asthma cannot be assessed. Few studies have attempted either to adjust for asthma or to stratify for non-asthmatic atopy [15, 44, 45] . Such an approach yields negative associations between BMI and atopy suggesting that the association between BMI and asthma is not mediated through atopy.
Age
Age is likely to be an important effect modifier for the association between obesity and asthma. Anatomical differences in airway calibre during lung development and hormonal changes during adolescence (pre or postpubertal) exist for boys and girls and may modify the associations [14] . Birth weight and ponderal index (fetal weight in grams Â 100 Ä fetal length in centimetres) suggesting sequelae of prematurity as causative factors [48] [49] [50] . Interestingly, in the Tucson Children's Respiratory Study weight gain in adolescence was related to new onset of wheeze among girls [37] suggesting that influences pertaining to this specific age group may play an important role for the link between both conditions.
Sex
Sex differences in the natural course of asthma and wheeze have been known for a long time [51] [52] [53] . While a higher incidence of wheeze and asthma has generally been associated with male sex in preadolescence, females are at higher risk to develop asthma during adolescence.
By adulthood women also demonstrate higher asthma rates than men [52] . Some studies relating BMI to asthma indicate effect modification by sex, but the effects are inconsistent as discussed above. These discrepancies may, however, be indicative of various underlying causative factors, which may differ for males and females.
Potential mechanisms
First, potential bias by misclassification of wheeze/ asthma must be considered. Obstructive sleep apnoea or hypoventilation are frequent among obese patients [29, 54] . It seems, however, unlikely that these symptoms are misclassified as asthma in longitudinal surveys. Obesity can increase the risk of gastro-oesophageal reflux, a potential trigger for a latent asthmatic condition. Interestingly the Respiratory Health in Northern Europe (RHINE) study showed an independent relation between obesity, nocturnal gastro-oesophageal reflux, habitual snoring and the onset of asthma and respiratory symptoms among 16 191 adults [55] .
Several other factors more strongly implicated in the cause of asthma and wheeze such as airway mechanics, influences on immune responses and hormonal influences may play a stronger role. Mechanical properties of the respiratory system associated with obesity, such as diminished tidal lung expansion in overweight individuals, may partially account for the findings. Reduced tidal lung expansion compromises force fluctuations acting on the airways. Impaired force fluctuations in turn result in greater contractile responses of airway smooth muscle [56, 57] , thereby potentially causing an increased airway responsiveness. Severe obesity with excessive increase in adipose tissue will result in extra-thoracic obstruction.
Increasing BMI was related to several measures of asthma, but not independently to atopy in most studies. Therefore, the effects of increased BMI may be mediated through factors other than the induction of airway eosinophilic inflammation. Studies in animal models indicate that elevations in IL-6 may contribute to and upregulate inflammation in the airways, independent of an allergic 188 Paediatric asthma and development of atopy Table 1 . mechanism. IL-6 increases the production of prostaglandin E2, stimulating the humoral immune system and inducing the production of Th2 associated cytokines (IL-4, IL-5, IL-13) [58] .
Furthermore, the hormone leptin, a member of the IL-6 family, which is produced by adipocytes, is elevated in obesity [59, 60] . Leptin has effects on inflammation such as promotion of the release of IL-6 from macrophages and lymphocytes. Interestingly, leptin levels were higher in asthmatic boys than girls, potentially contributing to an explanation for the higher prevalence of early childhood asthma among boys [61 ] . Leptin levels in adulthood are higher in women than men [60] , along with a higher prevalence of asthma [32, 62] . The specific role of leptin in the development of asthma in association with obesity, however, has to be clarified.
Female sex hormones may play a role, considering the sex effects in some of the studies [30] [31] [32] [33] . As aromatase, the enzyme converting androgen to estrogen, is present in adipose tissue, obesity might increase estrogen levels. Furthermore, obesity is associated with early menarche in girls and delay of puberty in males [63, 64] . While in animal models there is some effect of estrogen levels on airway responsiveness [65, 66] , it is not clear which airway cells express estrogen receptors and whether signalling pathways via estrogen receptors interact with airway inflammation in asthma.
Another potential explanation for the parallel increase of asthma and obesity might be based on genetic factors. Several overlapping linkage peaks for obesity and asthma have been identified in genome wide linkage studies [67] . In addition to linkage analysis, some candidate genes may be of interest for both diseases. In association studies, the Glu 27 variant of the b2-adrenoreceptor was found to be associated with a higher prevalence of obesity [68] . The idea that changes in expression or properties of the b2-adrenoreceptor due to single nucleotide polymorphisms may contribute to both obesity and asthma has attracted much interest. But these hypotheses await further elucidation.
Alternatively, obesity may be a marker of nutritional changes, primarily in the industrialized countries. Among a variety of dietary factors, the intake of certain fatty acids has been discussed as a potential risk factor for asthma. For example, the administration of oils containing glinoleic acid and eicosapentaenoic acid has been shown to result in a reduction of inflammatory mediators associated with asthma [69] [70] [71] . The discussion of the role of diet for the inception of asthma is beyond the scope of this review. An excellent overview was recently given in the American Journal of Respiratory and Critical Care Medicine [72] .
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Do these observations have any clinical implications?
There is sufficient evidence for other health reasons to promote primary prevention of overweight and obesity. As a tertiary prevention among affected asthmatic patients, weight loss has been shown to improve lung function and symptoms, independently of changes in AHR [73 ,74] . Therefore, there is no doubt that weight reduction is an indispensable public health strategy. Whether the prevalence of asthma will also be affected remains to be seen.
Conclusion
There is evidence that increased body weight is associated with the development of asthma. Effect modification by age and sex has been reported in some studies, mostly showing that girls and women are at higher risk than males. This sex specific increase in risk is, however, not consistent in the different surveys. The mechanisms underlying the association between BMI and asthma are not understood. Several hypotheses have been proposed including alterations in airway mechanics, hormonal influences, changes in immune responses, the development of gastro-oesophageal reflux and genetic factors. Weight reduction can result in improvement of lung function and symptoms among asthmatics suggesting a clinical implication of the epidemiological findings. BMI, body mass index; AHR, airway hyperresponsiveness.
